Background. In aortic stenosis, the response of the left ventricle to pressure overload varies from compensated hypertrophy to overt heart failure. 
Ca alcific aortic stenosis is a major clinical problem in geriatric cardiology and is assuming even greater importance as the life expectancy of the general medical population continues to increase. Calcific aortic stenosis pertains to valvular stenosis in which calcium deposition is the primary pathological process affecting the valve.' It encompasses calcification of an anatomically normal aortic valve as well as late calcification of a congenitally bicuspid valve.
The response of the left ventricle to a similar anatomic degree of aortic stenosis varies from patient to patient. The spectrum of left ventricular systolic function ranges from enhanced systolic performance to the low ejection fraction characteristic of a myopathic contractile state.2-5 The determinants have yet to be iden-tified of why the left ventricle responds so differently both anatomically and physiologically to valvular aortic stenosis. In children with aortic stenosis, in contrast to adults, ejection performance is, with rare exception, preserved and often supernormal.6-9 It has been suggested that the myocardium of children compared with adults may be more capable of hypertrophy to balance the abnormal load on the chamber. 9 
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In elderly women with aortic stenosis, we have observed a small-volume, concentrically hypertrophied left ventricle with normal to supernormal ejection performance. This characteristic, with its consequent special surgical considerations, has been noticeably more prominent in the elderly female population. We are unaware of any study documenting a sex-related difference in the response of the left ventricle to similar degrees of aortic stenosis.
Methods Over a 5-year period from 1986 to 1991, all patients undergoing cardiac catheterization were surveyed retrospectively for the following criteria: 1) severe aortic stenosis with a calculated valve area .1.0 cm2; 2) no important stenosis (>50% diameter narrowing) of any Echocardiographically determined short-axis measurements of end-diastolic diameter, end-systolic diameter, fractional shortening (circumferential fiber shortening at the endocardium), and interventricular septum and posterior wall thicknesses at end diastole were available in 62 of the 63 patients (one man had a technically inadequate study). Measurements were taken from M-mode recordings guided by two-dimensional images. The measurements were made in a blinded fashion. The ratio of radius to wall thickness (R/Th) was computed at end diastole and end systole to describe the pattern of chamber hypertrophy.12 Left ventricular mass was calculated from the M-mode data. 13 An estimate of meridional wall stress at end systole was calculated using nonsimultaneous pressure data from catheterization and dimension and wall thickness data from the echocardiograms.14 A control group consisted of 17 women and 24 men with normal echocardiograms who were matched for body surface area to the aortic stenosis patients. Because of the advanced age of the study population, it was not possible to age-match the control subjects, who had a mean age of 43 years for the women and 46 years for the men.
Statistical Analysis
All grouped data are presented in the text and tables as mean±SD. All grouped data presented in figures are shown as mean+SEM.
Comparisons between all women versus all men and for aortic stenosis patients versus control subjects are based on the t test for grouped data (unpaired). Significance of the difference was assumed to be at the level of p= 0.05.
Patients were grouped according to fractional shortening, using our laboratories' lower limit of normal being 29% and the upper limit being 39%.14,15 Comparisons between women and men subgrouped by level of fractional shortening are based on a two-way ANOVA and a subsequent modified t test using the Bonferroni correction for multiple simultaneous comparisons. Significance of the difference was assumed to be at the level ofp= 0.05/k, where k is the number of simultaneous comparisons.
The frequency distribution of women versus men as subgrouped by level of fractional shortening or other variables was assessed using x2 analysis.
Results
A total of 63 patients met all criteria for the study. Of these, 34 were women and 29 were men. Demographic and baseline hemodynamic data are presented in Table   1 . Age, racial composition, heart rate, rhythm, history of systemic hypertension, and cardiac medications were all similar in the women and men. Likewise, the degree of aortic valve obstruction was similar in women compared with men using aortic valve area, both absolute and corrected for body surface area, and using aortic valve resistance (Table 1) . Echocardiographic data are presented in Table 4 . Left ventricular fractional shortening was significantly greater in the women (Figure 1 ). Left ventricular shortaxis dimensions were smaller in women than men at end diastole and end systole. When these dimensions were corrected by body surface area, the end-diastolic dimension difference between women and men was not statistically significant. The end-systolic dimension index was significantly smaller for women than men. Septal and posterior wall thicknesses were similar in the women and men. There was no significant difference in end-diastolic chamber R/Th ratio, but left ventricular mass was greater in the men than the women, even after correction for body surface area ( Figure 2 ). End-systolic R/Th was less in women, and end-systolic meridional wall stress was also reduced (43+25 versus 58±28 g/cm2, p=0.05, Figure 3 ) despite a greater end-systolic pressure in women (Table 3) . Compared with control women, the women with aortic stenosis had a similar chamber size but a thicker wall (13.3+2.2 versus 9.6±1.8 mm, p=0.01), with a Figure 3) .
In 41% of the women (14 of 34), fractional shortening was equal to or greater than 40%, indicating supernormal chamber ejection performance. This subgroup of women had small, thick-walled chambers with a markedly reduced end-diastolic R/Th ratio (Table 5 and Figure 2 ). Compared with control women, the women with supernormal ejection performance had lower than normal end-systolic wall stress (29±+12 versus 46±7 g/cm2, p=O.O1) in association with an elevated fractional shortening (47+9 versus 34±3%, p-O.O1), as shown in Figure 3 . Only 14% of men (four of 28) had an elevated fractional shortening (p=0.002 versus the frequency in women). This subgroup of men had hemodynamic and echocardiographic characteristics similar to the women with supernormal ejection performance (Table 5) .
In 64% of the men (18 of 28), fractional shortening was equal to or less than 28%, indicating subnormal chamber ejection performance (Table 6) . Furthermore In contrast, women were found to have normal ejection performance, and well over one third had a fractional shortening of 40% or greater, a range where the term supernormal ejection performance may reasonably be applied. Pressure generation was also impressive, with higher left ventricular systolic pressures and maximum positive dP/dt in the women compared with the men. As seen in Figure 3 , afterload, (i.e., end-systolic wall stress) was below normal for the women with supernormal ejection performance.
Previous studies of children with congenital aortic stenosis have shown supernormal ejection performance with small, thick-walled chambers and resultant low wall stresses.6-9 These studies have led to the hypotheses that the fundamental process of hypertrophy may be different when the pressure overload is present at or before birth.9 Alternatively, it has been suggested that the children were free of an age-related depression in myocardial contractility.7 Our study in adult, elderly women and men does not support either view. Indeed, 41%, a substantial proportion of elderly women, had supernormal left ventricular systolic performance with a small, thick-walled chamber previously considered a distinctive feature of aortic stenosis in children.
Systolic wall stress calculations used an end-systolic pressure not simultaneously recorded with the chamber dimension and wall thickness data. This limitation is lessened by the fact that the end-systolic R/Th data alone shows why wall stresses are lower in women than FIGURE 4. Graph of meridional wall stress calculated throughout systole using simultaneous high-fidelity pressure and echocardiographic dimension and wall thickness data. Note the below-normal stresses for the woman with supernormal ejection performance and severe aortic stenosis. The man had subnormal ejection performance and elevated stresses.
men despite the higher pressure in women. Furthermore, Figure 4 shows stresses calculated throughout ejection for a women with supernormal ejection performance and a man with subnormal performance. Here, simultaneous catheterization pressure data and echocardiographic geometry data show the major differences in stresses. This study clearly demonstrates the association of sex with distinctive patterns of geometric adaptation and systolic performance of the left ventricle to aortic stenosis. In absolute terms, the women had smaller left ventricles both at end diastole and end systole versus the men with aortic stenosis. After normalizing for body size differences using body surface area, the end-diastolic dimension difference was not significant, but the endsystolic dimension difference was still statistically significant. Normalization of a linear dimension rather than a volume, using body surface area, will overcorrect for differences in body size and is open to criticism.27,28 In fact, previously published data on the determinants of ventricular function in aortic stenosis showed that women had smaller end-diastolic and end-systolic volumes after normalization for body surface area, although this was not a stated conclusion of that study.2 Therefore, true differences in chamber size between men and women in our study may have been masked by the method of normalization used. It is conceivable that the primary event in left ventricular adaptation to aortic stenosis is that chamber dilation occurs more commonly in men, for whatever reason, and that the observed differences in chamber performance between men and women are secondary events.
Response to Pressure Overload in Women
The pattern of hypertrophy known as the "musclebound" heart of aortic stenosis is a finding that has special ramifications for the operative approach and for post-valve replacement physiology.29-32 A female predominance has previously been suggested by one study describing six patients, all women, who had a hypertrophic cardiomyopathy-like syndrome after aortic valve replacement with supernormal ejection performance of small, thick-walled left ventricles.30 Interest- We cannot show that the duration of left ventricular pressure load was similar in the men compared with the women, even though the severity of obstruction was similar. There is no a priori reason to expect men to present later in the course of their aortic stenosis and, indeed, the symptomatic state was identical in men and women. We interpret our data in support of the hypothesis that men are simply more likely to develop left ventricular systolic dysfunction earlier in the course of their disease. Serial testing that might test this hypothesis was not done as part of this study.
The subgroup analysis in these patients revealed that, when matched for similar degrees of fractional shortening, men and women had a similar degree of hypertrophy, similar chamber geometry, and no significant differences in a variety of measures of cardiac function. This would support the conclusion that sex has its major influence on the likelihood of the type of left ventricular response to aortic stenosis with a dilated, myopathic ventricle at one extreme and a small, thick-walled, and vigorous ventricle at the other extreme. Some women did present with a dilated left ventricle, high R/Th, and reduced fractional shortening. Some men did present with a small, thick-walled left ventricle with a high fractional shortening. Tables 5 and 6 are included to emphasize that when men and women are matched for similar degrees of systolic performance, all other differences vanish. Table 7 summarizes our finding of the spectrum of ejection performance in aortic stenosis including the unequal sex distribution.
This was a retrospective study. By using all consecutive patients over a 5-year period undergoing cardiac catheterization, selection bias was minimized. The exclusion criteria were used to enable evaluation of a patient population with only isolated severe aortic stenosis and with no significant coronary artery disease. There were no differences in the two groups in a history of systemic hypertension and in the use of cardiac medications. Thus, it is reasonable to assume that the major factor influencing left ventricular function was the response to the aortic stenosis.
Sex, Age, and the Etiology ofAortic Stenosis
The patient population was adult and by intent included only patients 60 years of age or older. Interestingly, only three patients in this consecutive five-year series from our adult cardiac catheterization laboratory were excluded for being too young. It has recently been pointed out that the predominant etiology of aortic stenosis in an adult population in the United States has shifted in the last decade.1 Two factors accounting for this evolution have been the decrease in valvular heart disease associated with rheumatic fever and the aging of the population.' An additional factor may be the widespread use of echocardiography, which can identify aortic stenosis and distinguish it from the ubiquitous aortic sclerosis in elderly patients. To some extent, these may be reasons why this sex-related effect on 
Summary
This is the first report of the importance of sexassociated differences in left ventricular function and of the effect of sex on the pattern of left ventricular hypertrophy in aortic stenosis. It is also the first to emphasize that supernormal ejection performance exists in many elderly patients. The hormonal and cellular mechanisms responsible for these differences remain to be clarified.
